Abstract. The host preferences of the anthropophilic mosquito species in the Anopheles gambiae complex (Diptera: Culicidae) are mediated by skin bacterial volatiles. However, it is not known whether these mosquitoes respond differentially to skin bacterial volatiles from non-human host species. In this study, the responses of two malaria mosquito species in the An. gambiae complex, Anopheles gambiae s.s. (hereafter, An. gambiae) and Anopheles arabiensis, with different host preferences, to volatiles released from skin bacteria were tested. Skin bacteria collected from human, cow and chicken skin significantly increased trap catches; traps containing bacteria collected from human skin caught the highest proportions of An. gambiae and An. arabiensis. Traps with bacteria of human origin caught a significantly higher proportion of An. gambiae than of An. arabiensis, whereas bacterial volatiles from the chicken attracted significantly higher numbers of An. arabiensis than of An. gambiae. Additionally, An. gambiae showed a specialized response to volatiles from four specific bacteria, whereas An. arabiensis responded equally to all species of bacteria tested. Skin bacterial volatiles may therefore play important roles in guiding mosquitoes with different host preferences. The identification of these bacterial volatiles can contribute to the development of an odour blend that attracts mosquitoes with different host preferences.
Introduction
Malaria is caused by Plasmodium parasites and has worldwide impact on humans in terms of mortality, and economic and social burden (Sachs & Malaney, 2002) . Plasmodium parasites are transmitted by female Anopheles mosquitoes of which Anopheles funestus and three members of the Anopheles gambiae sensu lato complex, An. gambiae, Anopheles coluzzii and Anopheles arabiensis, are the most important vectors in Africa (Sinka et al., 2012; Coetzee et al., 2013; World Health Organization, 2015) . Anopheles gambiae and An. arabiensis have different host preferences, which influence their efficiency as malaria vectors. Anopheles gambiae prefers to take bloodmeals from Skin odour is an important cue for host-seeking mosquitoes and derives from volatile organic compounds (VOCs) that originate either directly from the skin glands or after conversion by skin bacteria (Braks & Takken, 1999) . These VOCs consist mainly of volatile fatty acids (Meijerink et al., 2000) . Different bacteria species produce different subsets of VOCs (Verhulst et al., 2009) . For example, corynebacteria, which represent the most abundant microorganisms on human skin, transform long-chain fatty acids into short-and medium-chain fatty acids (James et al., 2004) . Brevibacteria metabolize the short-and medium-chain fatty acids even further (James et al., 2004) , whereas Staphylococcus species, which are also very abundant on human skin (Council et al., 2016) , convert amino acids to highly volatile short-chain amino acids (James et al., 2004) . Mosquito vectors use some of these volatile short-chain fatty acids to locate their blood hosts (Knols & Takken, 1997; Smallegange et al., 2011) . Skin bacteria and the volatile metabolic products they produce therefore represent important links between malaria vectors and humans (Verhulst et al., 2010a) .
When grown in vitro, human skin bacteria produce VOCs that are attractive to An. coluzzii (formerly An. gambiae) and some species of bacteria are more attractive than others; volatiles from Corynebacterium minutissimum are highly attractive, whereas volatiles from Pseudomonas aeruginosa are poorly attractive to An. coluzzii (Verhulst et al., 2010b) . In addition, human individuals who are highly attractive to An. coluzzii have a higher abundance but lower diversity of bacteria on their skin than do poorly attractive individuals (Verhulst et al., 2011a) , a finding that supports the role of skin bacteria in mediating olfactory preferences in malaria mosquitoes.
Previous studies have determined the role of human skin bacterial volatiles in the host-seeking response of the anthropophilic mosquito An. coluzzii. In the current study, the role of bacterial volatiles in mediating the responses of mosquitoes with different host preferences to different host species was determined. The attraction of An. gambiae and An. arabiensis to VOCs produced by skin bacteria from three different host species or from previously tested species of bacteria (Verhulst et al., 2010b) was assessed under semi-field conditions to determine whether VOCs mediate the host preferences of malaria vectors.
Materials and methods

Mosquitoes
Colonies of An. gambiae s.s. (Mbita strain, from Kenya, 2001) and An. arabiensis (Mwea strain, from Kenya, 2004) were reared separately under ambient atmospheric conditions in screen-houses at the Thomas Odhiambo Campus (TOC) of the International Centre of Insect Physiology and Ecology (ICIPE), Mbita, Kenya. Adult mosquitoes were blood-fed on a human arm three times per week, and fed on 6% glucose solution provided through wicks of adsorbent tissue paper. Eggs were laid on moist filter paper and dispensed into plastic rearing trays (35 × 25 × 5 cm) containing filtered water from Lake Victoria. All larval instars were fed on cat food (Purina Go-Cat ® ; Nestle Purina Petcare Ltd, Gatwick, U.K.), three times per day. Pupae were collected daily, placed in clean cups half filled with filtered lake water and transferred into mesh-covered cages (30 × 30 × 30 cm) prior to adult emergence. Two hundred female An. gambiae and 200 female An. arabiensis aged 3-7 days that had no prior access to a bloodmeal were randomly aspirated from the cages and transferred to small holding cups 10 h before being used in semi-field experiments. The two species were colour-marked with either green or pink fluorescent powder [FTX Series, Astral Pink; Swada (London) Ltd, London, U.K.] to distinguish them after simultaneous release . Mosquitoes were provided with water on cottonwool placed on top of the mosquito holding cups until their use in experiments.
Collection of skin bacteria
Skin bacteria were obtained from a chicken, a cow and a Kenyan man (aged 34 years). The man did not smoke, use perfumed cosmetics, or consume spicy food or alcohol, and did not use soap in the last shower he took before sample collection (Verhulst et al., 2011a) . He was also tested for the presence of malaria parasites every 2 weeks to confirm that he did not have malaria. The chicken and cow did not receive antibiotic treatment, vaccines or insecticide spray before or during the collection of bacteria. Skin bacteria were collected by rubbing a dual-tip cotton swab (BD BBL™ Culture Swab™ EZ II; Becton, Dickinson & Co., Sparks, MD, U.S.A.) 10 times over 10 cm 2 of the underside of the foot of the human, the skin above the knee of the cow or around the leg of the chicken (Fig. S1 ). The body sites for bacteria collection on the human and animal subjects were matched with those used for odour collection in a previous study (Busula et al., 2015) in order to allow the comparison of the results achieved using skin bacteria with those obtained using skin odour. Collected bacteria were cultured on arrival in the laboratory. Henceforth, collected chicken, cow and human skin bacteria will be referred to as 'chicken bacteria', 'cow bacteria' and 'human bacteria', respectively.
Cultivation of bacteria
Under sterile conditions, one tip of each of the swabs used to collect bacteria from the chicken, cow or human was cut off and transferred to an Eppendorf tube containing 1 mL of sterile distilled water. The second tip was stored at −20 ∘ C. Then, 100 L of the water containing bacteria was spread on 60-mm 2 Tryptic soy agar (TSA) (Bacto TSA; Becton, Dickinson & Co.) plates, which were incubated at 34 ∘ C (normal human skin temperature) for 24 h before their use in experiments. To determine the concentration of bacteria, 100 L of the same solution of bacteria was spread on another TSA plate incubated at 34 ∘ C and colony-forming units (CFUs) were counted after 24 h. New skin bacterial swabs were collected on each day of the experiments.
Cultivation of four bacteria common on human skin
Four species of bacteria that are common on human skin were selected, including Staphylococcus epidermidis, P. aeruginosa, C. minutissimum and Brevibacterium epidermidis (Verhulst et al., 2010b) . Bacteria were obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) (Braunschweig, Germany) or, in the case of P. aeruginosa, from the Laboratory of Microbiology at Wageningen University and Research (Wageningen, the Netherlands) (Verhulst et al., 2010b) . Bacteria were grown separately by adding 10 L of the glycerol stock of each species to 5 mL of liquid medium to support the exponential growth of specific bacteria (Verhulst et al., 2010b) . The liquid medium consisted of 2 g infusion from heart muscle, 13 g pancreatic digest of casein, 5 g yeast extract and 5 g sodium chloride (all: Sigma-Aldrich Chemie GmbH, Munich, Germany) and 1 L of sterile distilled water (Verhulst et al., 2010b) . Bacteria in liquid medium were incubated at 34 ∘ C, at 225 r.p.m. for 30 h. After incubation, 700 L of medium for each species of bacteria was mixed with 300 L glycerol and stored at −80 ∘ C until use. Bacterial broths (glycerol stock) were decimally diluted at 1 : 1, 1 : 10, 1 : 100 and 1 : 1000 in phosphate-buffered saline and 50 L of each dilution was plated on TSA plates. After incubation for 24 h at 34 ∘ C, the CFUs were counted. The concentration of the bacterial species with the lowest number of CFUs was identified and other species of bacteria were diluted to the same concentration to obtain the same number of CFUs. In this case, 50 L of C. minutissimum diluted 1000 times had the least CFUs (77 CFUs), and 21.1, 28.1 and 15.4 L of the same dilution were used to obtain the same concentrations of B. epidermidis, P. aeruginosa and S. epidermidis, respectively.
General procedures for semi-field experiments
Experiments were carried out in 7 × 11-m screen-houses constructed on the grounds of the TOC of ICIPE, located near Mbita Point township in Western Kenya (00 ∘ 25 ′ S, 34 ∘ 13 ′ E) (Verhulst et al., 2011b) . On each experimental day, the sand-covered floor of the screen-house was moistened with water to enhance the survival of mosquitoes. The agar with bacteria from each TSA plate was cut into two pieces and placed inside a wire mesh holder in the air outlet of a Mosquito Magnet-X (MM-X) trap (Woodstream Corp., Lititz, PA, U.S.A.) (Verhulst et al., 2009) . Carbon dioxide was added to each trap and prepared daily by mixing 17.5 g yeast (Angel Yeast Co. Ltd, Yichang, Hubei, China), 250 g sugar (Mumias Sugar Co. Ltd, Mumias, Kenya), and 2 L of water in 5-L plastic containers (Smallegange et al., 2010) . Each trap was marked, and used for one specific treatment throughout the experiments to prevent contamination by odours. Traps were placed 15 cm above the ground in the corners of the screen-house and their positions were rotated to minimize positional effects (Mukabana et al., 2012) .
The MM-X traps were operated on 12-V batteries. Vaseline ® pure petroleum jelly was applied to electrical cables, suspension wire bars and CO 2 tubing to prevent ants from preying on trapped mosquitoes. Two hundred green-marked An. gambiae and 200 pink-marked An. arabiensis were simultaneously released at the centre of the screen-house at 20.00 hours and left until 06.30 hours the following morning. To stop an experiment, a plug was inserted into the outer tube of the trap, the CO 2 supply was cut off and the power disconnected. Traps containing mosquitoes were transported from the screen-house and placed in a freezer at −20 ∘ C for 10 min. Immobilized mosquitoes were counted and recorded. The traps and wire mesh that held the TSA with bacteria in the traps were cleaned between experiments using 70% ethanol. Wire mesh holders were further sterilized in an oven at 100 ∘ C for about 2 h. A hand-held manual aspirator was used to collect untrapped, free-flying mosquitoes from the screen-house. Latex gloves were worn during experiments to avoid the contamination of equipment and odour sources with human volatiles or bacteria.
Attractiveness of natural host skin bacteria to An. gambiae and An. arabiensis
To assess the attractiveness of the volatiles produced to An. gambiae and An. arabiensis, MM-X traps were baited with skin bacteria from different host species grown on agar plates. The traps were placed in the four corners of the screen-house and treatments rotated nightly. A randomized 4 × 4 Latin square experimental design was adopted and a total of 16 replicates were carried out. The treatment combinations included: (a) clean agar + CO 2 (control); (b) cow bacteria + CO 2 ; (c) chicken bacteria + CO 2 , and (d) human bacteria + CO 2 . Depending on availability, these experiments were carried out in one to three screen-houses simultaneously.
Attractiveness of specific bacteria to An. gambiae and An. arabiensis To test whether An. gambiae and An. arabiensis respond to the four common bacteria selected, a randomized 4 × 4 Latin square experimental design was applied, incorporating incubated S. epidermidis + CO 2 , C. minutissimum + CO 2 , B. epidermidis + CO 2 and P. aeruginosa + CO 2 . MM-X traps containing each of the four species of bacteria were placed in the four corners of the screen-house and treatments were rotated nightly for a total of 16 nights.
Ethical considerations
Approval of this study was granted by the ethics committee of the Kenya Medical Research Institute (KEMRI/RES/7/3/1). Consent to collect skin bacteria was obtained from the 34-year-old man and the owner of the cow and chicken.
Statistical analysis
A generalized linear model (GLM), assuming a binomial distribution with logit link function, was used to investigate the relative attractiveness of each combination of bacteria tested in the traps, expressed as: the number of caught mosquitoes (per species) in one of the traps divided by the total number of mosquitoes of that species caught in all traps during each experimental night. The effects of day, host or bacterial species, mosquito species, CFUs, screen-house, trap position and their two-way interactions on mosquito catches were fitted in the models and the non-significant factors dropped from the final model. Differences within species between odour sources and between species to the same odour sources were tested by pairwise comparisons with least square differences correction. Effects were considered significant at a P-value of < 0.05. All analyses were performed using IBM spss Statistics for Windows Version 23.0 (IBM Corp., Armonk, NY, U.S.A.).
Results
Of the 3200 mosquitoes of each species released in the screen-house, 1410 An. gambiae (44%) and 1397 An. arabiensis (44%) were trapped. Responses within and between mosquito species were compared. Results showed that all bacterial volatiles attracted significantly higher numbers of both mosquito species than the control agar (GLM, P < 0.001) ( Fig. 1 ; Table S1 ) and volatiles from human bacteria were more attractive than bacterial volatiles from chicken or cow (GLM, P < 0.001) (Fig. 1) . The interaction between mosquito species and host species was significant (GLM, P = 0.002), indicating that the two mosquito species responded differently to the bacterial volatiles released (Fig. 1) . Traps with bacteria of human origin contained 45% of all An. gambiae caught, representing about twice as many as those collected in traps with bacteria collected from chicken or cow skin, and about four times as many as those collected in traps with clean agar (GLM, P < 0.05) (Fig. 1 ). Traps baited with clean agar, chicken, cow and human bacteria caught 9, 26, 27 and 38%, respectively, of An. arabiensis (Fig. 1) . A comparison of the responses of the two mosquito species showed that An. gambiae had a higher preference for human bacteria than An. arabiensis (GLM, P = 0.026), whereas the latter species was attracted more strongly than An. gambiae to volatiles from chicken bacteria (GLM, P = 0.014) (Fig. 1) . The responses of each of the mosquito species to volatiles from bacteria from cow skin did not differ significantly (GLM, P = 0.219) (Fig. 1) . Bacterial counts determined by the number of CFUs (Table S1 ), day of experiment and trap position did not influence mosquito response and were excluded from the final model (GLM, P = 0.246, P = 1.000 and P = 0.667, respectively).
Attractiveness of specific bacteria to An. gambiae and An. arabiensis
The responses of An. gambiae and An. arabiensis to volatiles from specific bacteria were compared. In total, 3200 mosquitoes of each species were released, of which 31% (n = 994) of An. gambiae and 25% (n = 804) of An. arabiensis were caught in the four traps during the 16 experimental nights. The GLM analysis revealed a significant interaction between mosquito species and bacterial species (P < 0.001), indicating that the two mosquito species responded differently to the bacterial volatiles released. The proportions of An. gambiae caught in traps baited with P. aeruginosa, S. epidermidis, B. epidermidis and C. minutissimum were 10, 26, 27 and 37%, respectively ( Fig. 2 ; Table S2 ). The response of An. gambiae was significantly higher to C. minutissimum than to the other bacteria species (GLM, P < 0.05), and was least to P. aeruginosa (GLM, P < 0.05) (Fig. 2) .
By contrast with An. gambiae, An. arabiensis was trapped in roughly equal proportions by the four species of bacteria (GLM, P > 0.05) (Fig. 2, Table S2 ). Volatiles of C. minutissimum generated a significantly lower response in An. arabiensis than in An. gambiae (GLM, P = 0.001), whereas bacterial volatiles from P. aeruginosa were found to be 2.5 times more attractive to An. arabiensis than to An. gambiae (GLM, P < 0.001) (Fig. 2) . The attraction of mosquitoes was influenced by the interaction between screen-house and trap position and therefore included in the GLM (P < 0.001). The day on which the experiment was conducted had no significant effect (GLM, P = 1.000).
Discussion
The results of this study show that two closely related species in the An. gambiae complex in Kenya with different host preferences respond differently to skin bacterial volatiles from natural hosts, and to bacterial volatiles from individual species of bacteria.
In the initial experiment, traps with bacteria caught significantly higher numbers of An. gambiae and An. arabiensis than traps baited with clean agar and CO 2 , supporting earlier evidence of the importance of skin bacterial volatiles to the host-seeking behaviour of mosquitoes (Verhulst et al., 2009 (Verhulst et al., , 2011a . This is a particularly interesting result with reference to An. arabiensis host-seeking behaviour because there is evidence that this species is more opportunistic than An. gambiae, and is more reliant on CO 2 to locate hosts than are extremely anthropophilic species . A mix of volatiles released by human skin bacteria was significantly more attractive to both mosquito species than volatiles released by the skin bacteria of a cow or a chicken. However, bacteria of human origin were significantly more attractive to An. gambiae than to An. arabiensis. These results can be explained by the anthropophilic nature of An. gambiae, which has a strong preference for humans as a source of bloodmeals (Gillies, 1964; Costantini et al., 1999) and is attracted to human odour over animal odours (Lyimo et al., 2013; Busula et al., 2015) . Some species of bacteria are strongly associated with humans (Verhulst et al., 2010a; Council et al., 2016) , which may have led to the production of volatiles that attracted An. gambiae more strongly than An. arabiensis. The preference of An. gambiae for human skin bacteria was also shown in previous semi-field experiments (Verhulst et al., 2011b) .
Further results showed that although An. gambiae prefers bloodmeals from selected host species (Verhulst et al., 2010a) , a considerable proportion of mosquitoes in the current study entered traps baited with non-human bacteria, possibly reflecting an overlap in the bacterial volatile profiles of different hosts. These results with skin bacterial volatiles closely resemble the response of An. gambiae to skin rubbings of the same hosts tested in a similar set-up (Busula et al., 2015) .
Anopheles arabiensis is more zoophilic than An. gambiae and has a preference for biting cattle and other warm-blooded animals, although in some areas it has been found to be anthropophilic (Costantini et al., 1996; Mutero et al., 2004; Tirados et al., 2006 Tirados et al., , 2011 Mahande et al., 2007) . Anopheles arabiensis rarely takes bloodmeals from chickens (Githeko et al., 1994; Jaleta et al., 2016) ; however, chicken odour was found to be either repellent (Jaleta et al., 2016) or attractive (Busula et al., 2015) , depending on the set-up. In this study, An. arabiensis responded more strongly to volatiles from human bacteria than to volatiles from cow or chicken bacteria. These results match those of previous experiments with another An. arabiensis line (Mbita, Kenya), which showed that An. arabiensis was attracted more strongly to human host odours than to cow or chicken odours (Busula et al., 2015) , and may be explained by the fact that the colony had been fed on human blood or by differences in host preferences between populations, as indicated above. However, the response of An. arabiensis mosquitoes to volatiles from human bacteria was still significantly lower than the response of An. gambiae to these volatiles (Fig. 1) . In general, the behavioural responses of An. gambiae and An. arabiensis to bacterial volatiles closely resembled their responses to the odours of these hosts (Busula et al., 2015) , indicating that bacterial volatiles may play important roles in host selection. Follow-up experiments in a field setting in which mosquitoes of different populations with different host preferences occur should further confirm the roles of skin bacterial volatiles in host selection.
The experiment with individual species of bacteria showed that the two mosquito species respond differently to volatiles from bacteria that are common on human and animal skin. Anopheles gambiae preferred volatiles from C. minutissimum to volatiles from other species of bacteria. This preference may be explained by the fact that corynebacteria represent the most abundant microbes on human skin (Council et al., 2016) , especially on human feet (Wilson, 2008) . These results closely match those obtained in an olfactometer experiment with An. coluzzii and the same species of bacteria grown in vitro (Verhulst et al., 2010b) . Verhulst et al. (2010b) also reported significantly higher responses of An. coluzzii to C. minutissimum and significantly lower responses to P. aeruginosa. In addition, in an in vivo experiment with 48 human volunteers, the increased attractiveness of certain individuals was associated with the abundance of staphylococcus, whereas an abundance of Pseudomonas spp. was associated with poorly attractive people (Verhulst et al., 2011a) . Corynebacteria were not significantly associated with attractiveness in this in vivo study.
Anopheles arabiensis, by contrast, responded to the volatiles from all species of bacteria tested without differentiation: unlike An. gambiae, it responded as well to volatiles from P. aeruginosa as it did to volatiles from the other species of bacteria. Because An. arabiensis is more opportunistic than An. gambiae, it may find its host by using volatiles that are generally produced by skin bacteria. Previous volatile analysis of the four species of bacteria tested in this study showed that one volatile chemical, butyl 2-methylbutanoate, was present in the headspace of all four species of bacteria, including P. aeruginosa (Verhulst et al., 2010b) . This compound may therefore be utilized by opportunistic mosquitoes as a general skin bacterial cue in finding a host. To confirm this and to find other common skin bacterial volatiles that mediate host preference, a next step would be to determine the volatile profiles of different groups of hosts by gas chromatography-mass spectrometry and, in addition, to define their bacterial profiles by 16S rRNA sequencing.
In this study, skin bacterial samples were taken from specific parts of the human, cow and chicken body, which will have influenced the bacterial composition of the samples (Grice et al., 2009) and thereby the volatiles produced. The sampling places were chosen in line with those used in a previous study (Busula et al., 2015) in order to support a comparison of the results obtained with skin bacterial volatiles and those achieved using volatiles collected directly from the skin. However, although differences in the attractiveness of volatiles released from different parts of the human body to An. coluzzii may be limited (Dekker et al., 1998; Verhulst et al., 2016) , such differences may vary in other mosquito species and with volatiles from different animals. Nevertheless, differences between animal species are likely to be larger than those within species and among different body sites.
In conclusion, this study demonstrates that, like An. gambiae, An. arabiensis responds to skin bacterial volatiles. Both mosquito species can distinguish between volatiles from bacteria collected from different host species and respond differently to volatiles from individual species of skin bacteria. Current odour blends that attract host-seeking mosquitoes are specifically designed to attract anthropophilic mosquitoes such as An. gambiae and An. funestus (Mukabana et al., 2012; Menger et al., 2014; Mweresa et al., 2014) . Because the targeting of secondary vectors is becoming increasingly important as a result of changes in the malaria transmission landscape (Killeen, 2014) , further identification of common bacterial volatiles would be an important step towards the development of a more general odour blend that attracts more opportunistic disease vectors and thereby reduces the range of potential vectors.
Supporting Information
Additional Supporting Information may be found in the online version of this article under the DOI reference: DOI: 10.1111/mve.12242 Figure S1 . Collection of skin bacteria with dual-tip cotton swabs from (A) a human host, (B) a chicken and (C) a cow. Table S1 . Numbers of mosquitoes caught in traps baited with clean agar, and bacteria from human, cow and chicken skin, respectively. Two hundred female mosquitoes of each species were released per night. CFUs, colony-forming units; N, number of trapping nights; SE, standard error of the mean. Table S2 . Numbers of mosquitoes caught in a screen-house using MM-X traps baited with carbon dioxide (CO 2 ) and Staphylococcus epidermidis, Pseudomonas aeruginosa, Corynebacterium minutissimum or Brevibacterium epidermidis. Two hundred female mosquitoes of each species were released per night. N, number of trapping nights; SE, standard error of the mean.
